ABSTRACT. Thiirene and thiirane have been chosen as model molecules representative of products present in crude oil to study the key steps in hydrotreating. The hydrotreating which can be desulfurization, deoxygenation or denitrogenation is the treatment of oil crude products under hydrogen pressure in presence of catalysts. This process leads to hydrogenolysis of carbonheteroatom bond accompanied by heteroatom elimination. The catalytic site used is based on molybdenum disulfide (MoS 2 ), which is considered as active phase in the commercial catalysts containing molybdenum atoms. Two steps characterise the desulfurization process: the adsorption and the carbon-sulfur bond cleavage. The thiirene geometry has been destroyed through the cleavage of one of the carbon-sulfur bonds. The calculation results showed that the desulfurization of the thiirene and thiirane do follow a heterolytic process. At the end of process, the reaction pathways are the same with an activation energy which was higher for thiirane than for thiirene. These results confirmed the same catalytic site and molecules obtained in previous works in the EHT method.
INTRODUCTION
The theoretical study of the mechanism of desulfurization of the thiirene and the thiirane [1] [2] [3] [4] [5] [6] [7] has been made on three vacancies site based on molybdenum disulfide (MoS 2 ) of MoS 3 H 3 + type [8] [9] [10] [11] [12] [13] . For the process of adsorption, the used variable is the distance site-molecule (Mo-S*), the other part of the system being relaxed completely otherwise. At the time of cleavage of the C-S* bond, the site-molecule distance continued to vary according to the geometry of the system. The calculations have been carried out with the geometry optimisation of the two molecules and the site with the aim to see the behaviour of these systems in the catalytic desulfurization process on this type of site in conditions close to the reality.
METHODOLOGY

Theory
The methods used for these calculations are the Hartree-Fock and DFT methods [14] [15] [16] . In the Hartree-Fock method, the wave function is the function of spin orbitals. The electronic energy of the ground state is obtained by applying the variation theorem. In the Hartree-Fock theory, the energy has the form:
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where V is the nuclear repulsion energy, P is the density matrix, [hP] is the one-electron (kinetic plus potential) energy, ½[PJ(P)] is the classical coulomb repulsion of the electrons, and -½[PK(P)] is the exchange energy resulting from quantum (fermion) nature of electrons.
In the DFT method, the energy is a density functional. The hybrid B3LYP functional is used in our works. This functional uses LYP functional for the correlation part and Becke functional with three parameters (B3) for the exchange part. where EX [P] is the exchange functional, and EC [P] is the correlation functional. The basis set used is lanl2dz.
Program calculations
The HF and B3LYP calculations were performed with Gaussian-98W program [17] . The program data are the geometry of systems, their multiplicity and charge. The calculations were carried out in the "Laboratoire de Chimie Théorique et de Spectroscopie Moléculaire (LACTHESMO)" of "Université d'Abomey-Calavi" in Benin Republic.
Adsorption and desulfurization modelling
The adsorption has consisted to arrange the site in a fixed position compared with the molecule. The thiirene is arranged in a perpendicular plane to the plane containing Mo 1 , S 2 and H 3 of the site. An imaginary atom X is put on top of thiirene sulfur atom such as way the angle X-S*-Mo remain constant and equal to 90° in such a way that the dihedral angle X-S*-Mo-S and the distance X-S remain equal to 0° and 1 Ǻ, respectively, during the approach. It's from 11 Ǻ, an important distance we considered as infinite that the approach following Mo-S* began.
The desulfurization process consisted, from the optimised adsorptive geometry of MoS 3 H 3 + -molecule system to stretch one of the two C-S* bond until the atom sulfur elimination from the molecule and its bending on the catalytic site. During this stretching process of the carbon-sulfur bond, the site-reactant (Mo-S*) distance was the variable of the process.
Preliminary calculations
From initial geometries published in the literature [18] , the program treats the information and takes out the optimised geometries for which the distances as well as the direct and dihedral angles between the atoms are calculated.
Optimised geometries of the MoS 3 H 3 + site, of thiirene and thiirane related to HF and B 3 LYP calculations, are given in Tables 1, 2 and 2, respectively.
These preliminary results have been obtained without imposing symmetry to the system and we have noticed a perfect symmetry on thiirene and thiirane molecules. As far as the site MoS 3 H 3 + is concerned the calculations with symmetry gave an unfavourable value of energy (-97.7681 Hartrees). 
RESULTS AND DISCUSSION
Molecule of thiirene
Phase of the adsorption
The approach of the thiirene to the site, in accordance with the previously explained geometry, gave by the HF method the energy curve of Figure 1 corresponding to the part situated to the right of the minimum of the curve. At the minimum of adsorption the energy is -215.29 kJ.mol -1 . The system being relaxed completely, the angles Mo-S-H, S-Mo-S and the lengths of the Mo-S bonds, of the site and the C-S-C angle, the lengths of the C-S and C-C bonds, of the molecule, the charges on molybdenum and carbon atoms, varied. The values of these different parameters are given in Table 4 .
On the basis of these results obtained by the HF method, we can note that all along the process the length of the C-C bond did not vary a lot contrary to the C-S bonds that did not vary until the Mo-S distance of 6 Å. From 6 Å, we noticed an elongation of the two C-S bonds. At the minimum of adsorption, these two bonds, that had the same length practically since the departure until 6 Å, have different lengths. Indeed at this step of the process the S 8 -C 9 bond is shortened itself of 4.34% while the second S 8 -C 10 bond lay down itself of 33.28%. The molecule of thiirene that was of symmetry C 2v at the departure became C 1 . The distortion of this molecule is therefore manifest; the interactive strength presence in the system is at the basis of these results. Of the side of the site until the minimization of the geometry of the system the angles of the interatomic bonds varied in an interval of 7.9, 5.8 and 3.4 degrees for the S 4 -M o1 -S 5 , S 4 -M o1 -S 2 and S 5 -M o1 -S 2 angles, respectively. With regard to the angles between the molybdenum, sulfur and hydrogen atoms one noted a light variation of the infinity until least adsorption point. More precisely the M o1 -S 2 -H 3 , M o1 -S 4 -H 6 and M o1 -S 5 -H 7 angles decreased 3.5, 3.8 and 3.7 degrees in relation to the initial angles, respectively. The data of the optimised adsorptive geometry for MoS 3 H 3 + -thiirene obtained with B 3 LYP calculations are listed in Table  5 The Mo-S lengths in the catalytic site have the same values practically that with the HF method. As for the C-S bonds, they lay down more distinctly that in the HF method. The C-S bond obtained by DFT method using B 3 LYP functional is lower than the one obtained by the HF method. With regard to the interatomic angles S-Mo-S, they varied very little. Moreover concerning the angles Mo-S-H, those between the molybdenum, sulphur (2) and hydrogen (3), on the one hand, the molybdenum, sulphur (4) and hydrogen (6), on the other hand, decreased of about 10 and 13 degrees respectively while the Mo 1 -S 5 -H 7 angle decreased about 2 degrees. Furthermore, the Mulliken analysis of populations shows that in the HF method sulfur atom S 8 is populated more than the molybdenum and in DFT method the two atoms have equal charge.
As far as the level of energy is concerned, the molecular orbital highest occupied (HO) and unoccupied molecular orbital (LUMO) are situated at -0.43742 and -0.33306 Hartrees, respectively, in the DFT method and at -0.51194 and -0.20358 Hartrees, respectively, in the HF method. This result showed that the gap of the two levels of energy is greater with the HF method than with the DFT method. Furthermore, the distance between the molybdenum atom and the sulfur atom of molecule (Mo 1 -S 8 ) at the minimum of adsorption with the DFT method (2.106 Ǻ) is lower than the one obtained with the HF method (2.449 Ǻ). The distance obtained with the HF method is close to the Mo-S bond length in the MoS 2 crystal (2.356 Ǻ) [10] . For this reason, the rest of the calculations have been made with HF method.
Phase of the C-S bond cleavage
During the breaking process of one of the C-S bond, some changes happened on the site and on the thiirene molecule. The variations noted on the retained parameters are given in the Table 6 . The energy curve of this process corresponding at the left part of the curve between 2.05 and 2.449 Å is given in Figure 1 . At the maximum of the curve situated about 2.238 Å, we have the transition state during which the sulfur atom of thiirene is transferred to the molybdenum atom. This reaction pathway point is where the C-S bonds break in the thiirene molecule and where the formation of a new Mo-S bond starts. Beyond this point, the curve decreases very quickly before stabilizing. At this step, the new Mo-S bond reinforce itself and the two formed chemical species ( The two C-S bonds of thiirene do not break simultaneously during the process of desulfurization. Indeed, the one on which one pulls breaks before the other. At this stage, the carbon-carbon double bond (C=C) of initial length 1.258 Å shorten by 0.054 Å to give at the end of the desulfurization of the thiirene a carbon-carbon bond of length 1.204 Å, a value that corresponds well to the length of a triple C≡C bond in the acetylenic hydrocarbons [18, 19] . In the complex MoS 4 H 3 + , the charge carried by the absorbed sulfur atom is different from those carried by the three other atoms of sulfur of the MoS 3 H 3 + site because of the presence of hydrogen on these atoms of sulfur. In the same way, the length of the new Mo-S* bond is different from those of the three other Mo-S bond of the site for the same reason. From the only site, we made to adsorb an atom of sulfur with the aim of to get the complex formed at the end of thiirene desulfurization. Between the formed species and the one calculated, we noted a light difference at the level of the distribution of the charges with regard to the heavy atoms but on the other hand, the length of the Mo-S* bond is the same. The plot of the value of charges on S, C 1 , C 2 and Mo as function of Mo-S distance has been made (Figure 2) .
At the Mo 1 S 8 distance of 2.393 Å where the C-S bonds cleavage seems to occur the charge on the sulfur atom (S 8 ) is positive which on carbon atom (C 9 ) is positive and which on the second carbon atom (C 10 ) is negative. This distribution of the charge obtained with RHF method has not varied when using UHF calculations (Figure 2 ). Figure 2 . Distribution of the charge during thiirene desulfurization on some atoms.
This type of distribution cannot occur if the reaction mechanism is not of heterolytic type. After this step, the two carbon atoms acquire the same charge in the acetylene molecule formed. The probable mechanism of the reaction proposed for the desulfurization of the thiirene molecule is given in Scheme I. 
Molecule of thiirane Phase of the adsorption
The adsorption energy curve is given in Figure 2 . When the molecule evolves toward the site, the energy of the system decreases until a minimum situated at 2.535 Å, minimum from which the energy of the system start to grow. At a difference about 5%, this minimum corresponds to the experimental value of the length of Mo-S bond in the molybdenum disulphide MoS 2 . The adsorption energy is -204.80 kJ.mol -1 . The parameters retained for the study of the site and thiirane behaviour are the same that those used previously for the study of the same site and the thiirene in the context of the thiirene adsorption. These parameters (Table 7 ) also varied during the thiirane adsorption.
The data of the optimised adsorptive geometry for MoS 3 H 3 + -thiirane obtained with B 3 LYP calculations are listed in Table 8 . At the minimum of adsorption, the lengths of the Mo-S bonds of the site have equal values practically with the two methods HF and DFT. It is some in the same way of the carbon-carbon bond in the thiirene where the lengths are the same order of magnitude. Between the Mo-S* distance (sulfur atom belonging to thiirane) calculated by HF and DFT methods, the gap is about 0.07 Å, value that shows that at this level also the two methods give practically the same results. With regard to the interatomic angles, one notes for the same angles a gap of 2.2 to 3.5 degrees.
As far as population analysis is concerned, the charge carried by the molybdenum atom decreased half when HF method is substituted by DFT method. At the level of the adsorbed sulfur atom the tendency is reversed especially as the charge carried by this atom in the setting of the DFT method doubled in relation to the one related to the HF method. Of the side of the two atoms of carbon for which the results show a certain symmetry between them with the B 3 LYP calculation, the charge carried by carbon atoms decreased of about 0.04 a.u. in relation to the one obtained by the method HF at least adsorption point.
In the fundamental state, the level of energy of the system is -10.42815 Hartrees while the molecular orbital highest occupied (HO) and unoccupied molecular orbital (LUMO) are situated at -0.38881 and -0.30250 Hartrees, respectively.
Phase of the C-S cleavage
The calculation of the breaking process of the C-S bond in the thiirane has been performed and the energy curve is shown in Figure 2 . We notice in the beginning of this process a continuous growth of the energy of the system until the value -185.809 Hartrees, value from which the energy begins to decrease as far as stabilizing. At the maximum of the curve, the transfer of the sulfur atom of the thiirane occurs follow-up of the optimisation of the geometry of the two chemical species formed at the end of the process of desulfurization. The data which varied during this thiirane desulfurization process are listed in the Table 9 .
On the basis of the data in the Table 9 , the length of the C-C bond varied during the process before stabilizing around 1.453 Å value. This value of the length of carbon-carbon bond is not precisely the one related to the C=C double bond (1.34(5) Å) [18] . This length of the C=C double bond is located nevertheless between 1.34(5) Å and 1.54 Å, length of the simple C-C bond [20] . The same data of the table show that the adsorbed sulfur atom is closer to the molybdenum atom on which it is fixed than the three other atoms of sulfur. The presence of hydrogen atom on each of the three sulfur atoms belonging to the site and its absence on the adsorbed sulfur atom explain this result. The total energy of the system at the end of the process is equal to the sum of energies of ethylene (-78 This type of the distribution of the charge seems to indicate that during the desulfurization process the probable mechanism which occurs is of heterolytic type, which is represented in the Scheme II.
H-C-C whose theoretical value is 120° and the experimental value is 120°. Only the length of C-C bond of which the value is 1.453 Å is not in conformity with the geometry of this molecule in which the experimental value of this bond is 1.35 Å, either a gap of 0.1 Å. When the optimised data of the C 2 H 4 molecule are pulled from the set of the optimised system and that the optimisation of this molecule is thrown, the length of the C=C bond calculated is 1.334 Å, value close to the experimental data. It is therefore very likely that in the real conditions of the hydrodesulfurization that such an optimisation occurs after the desulfurization step. 
CONCLUSION
By the SCF-HF method the study of the adsorption and the desulfurization of thiirene and thiirane has been made on the three vacancies site based on molybdenum disulphide (MoS 2 ) of MoS 3 H 3 + type. The geometries of the site and the two cyclic molecules have been optimised before their implication in these processes. For these two molecules the reaction pathways look alike themselves and the results showed that the hydrogenation of the thiirene consolidated the cycle what explains the relative difficulty of desulfurization of the thiirane in relation to the molecule of the thiirene. At the minimum of adsorption the distances molybdenum-sulfur (Mo-S) are the same order of magnitude that the length of the Mo-S bond. The hydrocarbons produced after the elimination of sulfur do not have all geometry known of these molecules. Indeed, if the geometry of the acetylene coming from the desulfurization of the thiirene is in conformity with the one that one especially knows this molecule with regard to the length of the triple C≡C bond, it is not the case of the ethylene product after the desulfurization of thiirane because the length of the C=C double bond is experimentally slightly different from the one known. This result is understandable by the fact that geometry obtained theoretically of the ethylene is located on a frequency from which the passage to another frequency corresponding to the best geometry seems to be difficult especially as the observed geometry is located on a minimum.
The B 3 LYP calculation that takes into account the electronic correlation gave less interesting results in the process of adsorption than those obtained with the Hartree-Fock calculation because the distances Mo-S at the minimum of adsorption is weak in relation to the length of the Mo-S bond insofar as the adsorption of the molecules is of chemical type.
In total, by the SCF-HF method, the behaviour of the thiirene molecule and its hydrogenous derivative, the thiirane, in the context of the adsorption and the desulphurization, has been better investigated as the MoS 3 H 3 + site that has been relaxed completely during the whole process.
